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Introduction
Ultra-high-molecular-weight polyethylene (UHMWPE) composites exhibit excellent ballistic behavior, which makes them ideal for protection applications. While its penetration resistance (V50) is superior, the composite shows significant deformation characterized by bulging of the back face, which is an important consideration for personal protection applications such as the helmet. It has been shown earlier that the response of UHMWPE composite is significantly influenced by its architecture. Therefore, a robust model for the ballistic response of UHMWPE is desirable to optimize the protective structure and to understand load transfer to underlying structures. A numerical model to evaluate ballistic response of the Advanced Combat Helmet, also known as the ACH, has been reported in the literature. 1 However, such models do not exist for the recently developed Enhanced Combat Helmet, also known as the ECH, 2 which is the primary focus of this study. Such computer models are necessary to understand the load transfer to the head and consequent assessment of injury resulting from a ballistic event.
The composite material models used for the helmet are typically simplified for computational efficiency since inclusion of the detailed layup and fiber orientation is a challenging task even for high-performance parallel computers. Therefore, simplified homogenized or orthotropic continuum models with reduced accuracy are often employed. 3 With advancements in multiscale models, the validity for these approaches remains to be established. Similarly, the constitutive behaviors are typically obtained from experiments in 1-D or simpler configurations. Behavior of composites subjected to 2-D loading, such as bidirectional stretch, would be more appropriate for ballistic models. However, testing under such conditions to map out orientation effects at varying strain rates is cost prohibitive. Therefore, extrapolations need to be made based on limited measurements. The intention of the present study is not to develop a material model for UHMWPE material from fundamental principles, especially since accurate material test data are not available yet. Rather, the goal of this study is to develop a modeling strategy so that the mechanics of penetration and the back-face deformation (BFD) profile of helmets can be reasonably represented. These 2 characteristics determine the load transfer to the head and the brain, for which an optimal protection strategy is being sought. Therefore, our modeling strategy was to develop a computational model for UHMWPE to best fit the ballistic data, which included ballistic limit, BFD profile, and the damage sustained by the laminated structure.
The initial focus of the ballistic experiments is the flat plate geometry with crossply arrangement [0/90] of UHMWPE. Once a calibrated model is available for simulating ballistic experiments with a cross-ply flat plate, the effect of the hybrid plate 4 and plate curvature in the helmet would be incorporated by carrying out additional ballistic experiments and associated modeling. While numerous ballistic data for UHMWPE exist with realistic bullets, for modeling purposes, experimental data with nondeforming projectiles are imperative to isolate composite behavior. For example, a 9-mm 124-gr full metal jacket-a commonly used bullet-deforms and fractures easily in the ballistic experiments. Modeling these experiments will introduce additional unknowns and uncertainties associated with the projectile material model and parameters. To focus on calibrating the composite model alone, fragment-simulating projectiles (FSPs) and nondeforming stainless steel sphere projectiles were used to produce V50 and BFD profile data, respectively.
A series of ballistic impact experiments, where various parameters of interest such as ballistic limit V50 and BFD were measured, were reported earlier by Zhang et al. 4 Digital image correlation (DIC) and X-ray imaging were used in those experiments to characterize time evolution of deformation, delamination, and damage of the composite. Ballistic limit velocities were also established for different thicknesses of the composite. In this report, we use those experimental measurements to develop a model for a UHMWPE composite applicable for ballistic loading conditions. A finite element (FE) model was constructed and a parametric study was carried out to identify the critical material parameters. Optimal values of these material parameters were found that best matched the test data reported in Zhang et al. 4 The organization of this work is as follows. In Section 2, the numerical modeling of the composite laminate is presented, which includes a summary of the ballistic experiments, a description of the FE models for the projectile and panel, the material model, and the methods used to model delamination. The strategy to characterize the material parameters is discussed in Section 3. The FE models for the ballistic impact experiments were evaluated, and parametric analyses are discussed in detail in Section 4. From the parametric study, critical material properties were identified that could improve protection design. A set of material parameters was selected based on the parametric study to best match the ballistic data. Model calculations with this set of parameters are compared with the experimental results in Section 5. Main conclusions are discussed in Section 6.
Numerical Model of Composite Laminate
The ballistic experiments to measure ballistic limit velocity, V50, and BFD experiments to measure time dependent deformation of flat UHMWPE panels and their failure characteristics were reported earlier 4 in detail. The effects of fiber orientations, boundary conditions were studied in those experiments. A summary of the experiments used to develop the model in LS-DYNA is briefly described in the following paragraphs.
Two different sets of experiments were carried out to investigate the ballistic response of UHMWPE panels. In the first set of experiments, the ballistic limit velocity, V50, of flat Dyneema panels for 17-gr (1.1-g), 0.22-cal. FSP was determined. The Dyneema HB80 panels used in the V50 tests were 0.45 × 0.45 m in size. The panels were clamped to a steel frame at 4 corners. The panels of 3 thicknesses with areal densities of 7.8, 8.8, and 10.7 kg/m 2 , respectively, were tested.
BFD characteristics were measured in the second set of experiments, where 12.7-mm spherical steel projectiles impacted the flat UHMWPE panels at a velocity insufficient to perforate the panel. Three boundary conditions-corners clamped, edges clamped, and free-were used for the tested panels in the experiments to understand the effects of boundary constraint. DIC was used to characterize the deformation and velocity behavior of the rear of the panels during the testing. A computed tomography (CT) scan was conducted on the panels to obtain the thickness of postimpact intact material and the interior delamination failures. Table 1 shows the boundary condition, impact speed, and peak BFD for cross-ply panels. The other test results are described in Section 5 where they are compared with the numerical results. We developed an FE model to simulate these ballistic experiments (both V50 and BFD experiments) using LS-DYNA software. 5 The focus was on cross-ply (nonhybrid) Dyneema panels to understand the impact and failure processes involved. The numerical model is capable of capturing the composite failure including interlaminar delamination. Since accurate material parameters are not available for Dyneema, we conducted a parametric study to find the most sensitive parameters. From the parametric analysis, one set of material parameters was determined to best match the ballistic test data for the cross-ply panels. To further calibrate this model, we plan to conduct additional studies on hybrid architecture and curvature effects in the future.
Finite Element Model
The FSP, spherical projectile, and the cross-ply laminates are all symmetric along 2 fiber directions. Therefore, taking advantage of the symmetry, only one-quarter of the geometry needs to be modeled with symmetry boundary conditions. One calculation was conducted later to compare the results of full and quarter symmetry models. We found that the quarter symmetry model showed almost identical results as the full model, which provided confidence in the quarter symmetry model. The quarter symmetry model was used thereafter for calculations except where specified otherwise. Certain simplifications were made to the projectile geometry for computational convenience. The friction coefficient between Dyneema yarn to yarn is reported to be 0.05-0.07. 6 This friction value was considered to be small and was not included in the calculations.
Projectile
The 0.22-cal. FSP 7 was used in the V50 experiments. The FSP was made of 440C steel and did not deform much in the ballistic experiments as ascertained from the high-speed images. Typically, only the front edges were observed to be slightly blunted. Since the projectile is much stronger than the panel, small geometric features are not expected to play a big role in the penetration process; hence, the geometry was simplified as shown in Fig. 1a (only quarter symmetry model is shown). Specifically, the back end shape was simplified into a cylinder. The FSP was discretized with hexahedral elements. The total numbers of nodes and elements were 13,132 and 11,491, respectively. The FSP material density is 7,650 kg/m 3 . The yield stress for 440C steel was assumed to be 2 GPa in our model. The Young's modulus and tangent modulus were taken to be 200 GPa and 2.2 GPa, respectively. The 12.7-mm-diameter (0.5 inch) spherical projectile used in the BFD experiment was made of stainless steel. The quarter symmetry FE model is shown in Fig. 1b . The steel ball did not show any observable deformations after the impact event. The material properties for the spherical projectile were identical to those used for the FSP.
Composite Panel
The panels were 0.45 × 0.45 m for the V50 experiments and 0.30 × 0.30 m for the BFD experiments. The difference in size is not expected to influence the ballistic limit velocity since at high-impact speeds the deformation and failure are likely to be localized. Therefore, 0.30 × 0.30 m panel sizes were used for both V50 and BFD calculations.
In the first series of experiments, the panels were clamped to the frame at 4 corners. No motion of the composite panel was observed at the corners before the BFD reached the peak value in the experiment. Therefore, the frame was not modeled, and panel corners were fixed in the computation. To validate this approximation, we carried out one extra simulation where the frame was included; however, only a minor difference was observed in the ballistic performance. The details are provided in Section 4.1. In the second series of experiments, free boundary condition was applied to the panels.
Three-dimensional hexahedral elements were selected to model the Dyneema panel for improved computational accuracy compared to tetrahedral elements. There are 55 plies of cross-ply UHMWPE sheets in the panels of 7.8 kg/m 2 areal density. The thickness of each ply, comprising 4 layers of [0/90]2 fibers, is about 0.14 mm.
If each ply were modeled with uniform 0.3-mm mesh, a quarter million elements would be needed for just one layer in quarter symmetry. For a plate comprising 55 plies, modeling each layer entails a total element number of 14 million, which is computationally very expensive. However, large deformation was observed to occur only near the impact zone from the DIC data. The deformation amplitude was also observed to reduce as one moves farther away from the impact region, at least until the projectile perforated or stopped in the panel. Therefore, we used a nonuniform mesh-very fine mesh (~0.3 mm)-near the impact region and coarse mesh (up to 15 mm) elsewhere, as shown in Fig. 2b . The total number of nodes and elements are 5,773 and 5,636 for one layer. Fiber breakages were expected to occur only in the impact zone. As shown in Fig. 2a , the panel was divided into impact zone and nonimpact zone. Therefore, contact with erosions was used only for the impact zone for improved computational efficiency.
If the panel having an areal density of 7.8 kg/m 2 were modeled with 55 layers, large computational resources would be needed because of the necessity to model contact between each adjacent layer. Therefore, we chose to use a reduced number of "fused" layers in the computational model, keeping the panel thickness the same.
The effect of using different number of fused layers was studied in Section 4.1, and it was found that the model with reduced number of fused layers gave reasonable results and was much more efficient. The sample FE model for the spherical projectile and panels (20 fused layers were used) is shown in Fig. 2a . Each layer is shown in a different color for clarity. 
Material Model
The CT scan of the panels after impact 4 showed that the composite failed through tensile breakage, shear failure, crushing, and delamination. In addition, UHMWPE has been shown to exhibit damage softening 8 and strain rate effect 9 in the stressstrain curve. We chose a material model (Mat 162) in LS-DYNA 5 that could model such behavior and used the tie-break contact method to model delamination explicitly. Some of the failure modes available in this material model were switched off to avoid premature failure due to fiber compression, matrix shear, and delamination (which was modeled through tie-break contact separately).
A limited amount of material test data is available in the literature for Dyneema laminates. Because of clamping issues arising out of the low friction coefficient for Dyneema, the measured tensile strength is greatly dependent on the sample thicknesses. 10 Dynamic tensile tests 11 show strong strain rate effects for Spectra Shield LCR material (which is a similar material to Dyneema). The strength increases significantly with strain rate, while the material becomes more brittle at a high strain rate. The tensile strength of Dyneema laminate is reported to be around 500 MPa.
12,13
Because of low shear strength, the specimen could experience shear/pullout failure at the grips. This failure mode would result in underestimation of the tensile strength. Recently, tensile tests have been conducted on HB26 (HB26 and HB80 are both made of SK76 yarns) for [0/90] laminate 9 with dog-bone specimens to minimize gripping issues. The tensile strength was found to increase to about 750 MPa; however, the failure strain was lower than the values reported earlier in Iannucci et al. 12 and Iannucci and Pope 13 These tests 9 were conducted at low strain rates (10 -4 to 10 -2 /s). Dyneema laminate has a strain-rate-dependent stress-strain curve in the low strain rate regime. In the same paper, the stress-strain curves for the Dyneema SK76 yarn for strain rate from 10 -4 to 10 3 /s is also reported. The material showed negligible strain rate dependence when the strain rate is higher than 10 -1 /s. Based on this observation, we ignored the strain rate effect in our model since in the impact experiments the strain rate is expected to be higher than 10 -1 /s.
However, this might not be true when the projectile starts to slow down and rebounds. In this stage, the material experiences a low strain rate. Unless the strain rate effect at lower strain rates is included, the panel response after the peak BFD would not be accurate. This is not an issue since our main focus in this paper is to model the panel response up to the peak BFD. The peak BFD is the critical parameter for determining whether the helmet would impact the skull after a threat is stopped. Russell et al. 9 pointed out that the yarn strength is underestimated because of the stress concentration, abrasion of the yarn surface, and waviness within the yarn. The strength was reported to be 3.8 GPa both in Russel et al. 9 and
Chocron et al., 14 which was selected as the strength of Dyneema SK76 yarn in this work. For the [0/90] laminates, considering that only fibers in the 0° or 90° direction are subjected to the loads and the volume ratio of matrix is 20%, the strength for the laminates equals 3.8 GPa*(1-0.2)*0.5 = 1.5 GPa using the rule of mixture assuming that the matrix does not contribute to the laminate strength. The Young's modulus for SK76 is reported to be 132 GPa, 14 whereas the Young's modulus for the laminate is 52.8 GPa.
The tensile stress-strain curve for the [45/-45] Dyneema laminate is reported in Russel et al. 9 and Nazarian and Zok 15 The curve represents the in-plane shear response of [0/90] laminates, which is a combination of matrix shear modulus and friction between fibers along 0° and 90° directions. The response is very sensitive to the strain rate, at least in the range of 10 -4 to 10 -2 /s. The shear modulus increases as the strain and the strain rate increase. No high-rate data are reported. Assuming a similar high-rate response as tensile experiments, we ignored the strain rate effects in this study. The modulus from the stress-strain curve was found to be in the range of 50-90 MPa for various strain rates, which was 2 to 3 orders of magnitude lower than the tensile modulus of 52.8 GPa for the laminate. Since Dyneema HB80 is also made of SK76 yarns, similar properties are expected. Since no test data are available at high strain rates, the shear modulus, Gab, was also evaluated in the numerical model using the experimental data.
Each ply of the panel was made of [0/90]2 layers of unidirectional laminates sheets. To be more efficient, 4 layers of [0/90]2 cross-ply were modeled as one orthotropic layer as opposed to 4 individual layers (a 0° layer, a 90° layer, a 0° layer and a 90° layer). It was shown in Heisserer 10 that the properties along 0° and 90° are not the same. However, as shown in Fig. 3 , the BFD contour from the DIC test data exhibited a diamond shape. Two red squares were drawn on the plot to indicate that the length and width are almost the same for the contour levels, (i.e., the response is symmetric about 0° and 90° directions). This implies that the properties are similar in 0° and 90° directions in the panels. Thus, identical properties were used for the 2 fiber directions in this work. Sample BFD contour for test 458A-1
Delamination Model in the Composite Laminate
Delamination is a very common failure mode in composite laminates. Modeling delamination is still a challenging task. In Faux et al., 3 a progressive damage model was developed in ALE3D to simulate the high-speed penetration in Dyneema panels. ALE3D uses an arbitrary Lagrangian-Eulerian framework. The delamination can be captured with an internally stored crack strain. ParaDyn, a Lagrangian code, was also used for simulation in Faux et al., 3 in which the composite was modeled with orthotropic [0/90] sliding layers (one element along thickness direction per layer) with automatic contact (SAND) defined. Delamination can be simulated in LS-DYNA by failing the elements, by using a tied-contact-with-failure option between adjacent layers, or by using cohesive elements. In this work, the tied-contact option was used between adjacent layers to model the delamination.
Matrix Failure
The material fails in the model when the matrix material exceeds the prescribed strength in the direction parallel to the laminates. Upon failure, the load-carrying capability in the thickness direction (including the 2 shear stresses and normal tensile stress) is reduced, and the compressive load can be supported in the thickness direction. By tracking the history variables, we could plot the delaminated area.
This method is very efficient for calculations. However, delamination is not actually modeled since there is no gap generated upon delamination unless the failed elements are eroded.
Tied Contact
The second method employed to model the delamination in the composite material was by defining tied contacts between adjacent layers. Initially the layers are tied together. The tied contact fails when the following failure criterion is satisfied:
where Sn is normal failure strength, Ss is shear failure strength, and and are tensile and shear stress, respectively. If the normal stress is compressive, it is set to zero (i.e., the tied contact can only fail under normal tensile stress or shear stress). After the tied contact fails, the contact between adjacent layers is changed to regular surface-to-surface contact. However, in high-speed penetration problems, the material would fail and erode, and the regular contact algorithm cannot update the contact surfaces automatically. Therefore, the eroding contact option was also defined around the impact zone, where fiber breakage was expected. This method ensured that all of the contacts worked correctly after tied contact surfaces failed.
Material weakening is not modeled in this method. When the failure criterion as described in Eq. 1 is satisfied, the tied contact fails and the nodes on the adjacent surfaces are no longer tied together. A gap is thus generated between the layers. The 2 layers can contact again if they move toward each other. This appears to be a better way to simulate the delamination failure.
Cohesive zone model 16 can also be used to model the interface between adjacent composite layers. In our previous work, 17 cohesive elements were used to model delamination; however, more central processing unit (CPU) time was required because of the presence of additional elements and additional contact between material layers. Since the method described previously is computationally more efficient, we did not evaluate the cohesive zone model in this study.
Material Parameters Characterization Strategy
The material parameters for Dyneema include the density, Young's modulus along 0° direction Ea, Young's modulus along 90° direction Eb, fiber tensile strengths, transverse Young's modulus Ec, 3 Poisson's ratios, in-plane shear modulus Gab, transverse shear moduli Gbc and Gac, interlaminar tensile strength Sn, crush strength, and the strain softening parameter Am.
Since the cross-ply HB80 panels have identical properties along the 2 principal fiber directions, the material parameters reduce to the densities Ea (Eb = Ea), Ec, Gab, Gac (Gbc = Gac); crush strength Sc; strain softening parameter Am; Poisson's ratios νab and νac (νbc = νac); the interlaminar tensile strength or the tensile failure strength of tie contact Sn. The density is available. The fiber tensile strength and fiber Young's modulus Ea were determined previously from existing test data. Poisson's ratios are small and are assumed to be zero in this report. A simulation was run with the Poisson's ratios of νab = 0.0133 and vac = 0.0144 from Levi-Sasson et al. 8 and the difference in the panel response was minor as shown in Fig. 4 . Thus 6 material parameters need to be determined: 1) interlaminar tensile strength Sn, 2) in-plane shear modulus Gab, 3) transverse shear modulus Gac, 4) transverse Young's modulus Ec, 5) crush strength Sc, and 6) damage softening parameter Am.
Fig. 4 Effect of Poisson's ratio
Since we did not conduct material tests for the Dyneema panels, we carried out a parametric study to find one set of material parameters to best match the experimental data. The panel response is nonlinear and dependent on the material parameters. There are 6 unknown material parameters; hence, at least 6 sets of test data are required to find one set of parameters to match the test data. This set of parameters may not be unique, but they can at least match the test data within the test conditions of the V50 tests and BFD tests conducted in this work.
The modeling focus in this work was on the nonhybrid HB80 panels. Therefore, only the test data from 458A-1, 458A-2, and 545A panels (panel 546A was excluded because of similar results to panel 545A and not well-defined boundary conditions for the numerical model), were used along with the V50 test data for 3 different thickness cross-ply panels, resulting in a total of 6 tests. Figure 5 shows the variables from the experiments that were compared with the numerical results. The first is the time history of center BFD, which is the maximum deflection in the back face. The second is the deformation zone size in the symmetry plane passing the impact location for the back face. The center BFD and deformation zone size together give the section profile for the symmetry plane. The third is the time history of BFD contour, from which the BFD shape can be determined. The first 3 can be obtained from the DIC data. The fourth is the remaining thickness of intact composite. The fifth is the final delamination failures (including fiber breakage). The last 2 variables could be obtained from CT scan of posttest panels. The 6 tests and available test data are listed in 
Model Parameters
The numerical model described previously was used to simulate the responses in the nonhybrid HB80 panels under impact loading conditions. A parametric study was conducted to identify critical material parameters.
Each ply, which includes 4 layers with [0/90]2 fiber orientations, have identical properties along the 0° and 90° directions; therefore, the fabric model could be used with longitudinal properties assigned to both the 0° and 90° directions. This approximation is computationally efficient but less accurate than modeling each layer separately and defining tie-contact between them.
In the first setup numerical model, the panel was modeled with 20 fused layers; one element per layer along the thickness direction and a quarter model with symmetry boundary conditions; the steel frame was not modeled for panel 458A-1. This model was used for debugging purpose and for rough comparison with test data. The calculations were carried out on the Department of Defense High-Performance Computer Pershing cluster, which has 16 cores on each node. LS-DYNA Version 7.0.0 (double precision serial/SMP) was used for the calculations.
Model Evaluation
For a computationally efficient model, several simplifications were explored (e.g., use of quarter symmetry, using a single orthotropic layer to represent multiple laminates, removing the frame in the calculation, and minimum mesh resolution in the thickness direction to model bending effects).
Full Model vs. Quarter Symmetry Model
One calculation was performed to determine the validity of using a quarter symmetry model with symmetry boundary conditions to represent the full model. Figure 6 shows the time history of BFD for both models. The BFD is almost identical until the peak (the peak BFD has 0.8% difference). Many elements failed and eroded in the calculations, which caused only a minor difference between models. However, the quarter symmetry model ran much faster (3.3 h for quarter symmetry model vs. 20 h for full model). Therefore, the quarter symmetry model was used subsequently. 
Number of Elements per Layer
To include the effect of bending, more than one element per layer along the thickness direction is necessary. Four cases were run: 1, 2, 3, and 4 elements per layer were used along the thickness direction. Figure 7 shows the time history of BFD for these 4 cases. The BFDs are smaller when the bending effect is accounted for. However, the BFDs have reasonable agreements when 2-4 elements per layer were used along the thickness direction.
Fig. 7
Effect of the number of elements per layer Figure 8 shows the deformations at 0.3 and 0.7 ms when different numbers of elements were used per layer. When more than one element was used per layer, the gap was larger between adjacent layers after delamination occurred. Another difference is the section profile of the back face, as shown in Fig. 9 . The profiles are similar when the number of elements per layer is 2 and higher. The CPU time ratio is 1.0:2.0:4.9:6.4 for the cases of 1, 2, 3, and 4 elements per layer. One good choice is to use 2 elements per layer, which can both capture the profile but still be efficient. Two elements per layer were used in the remaining calculations. 
Effect of Frame
The frame used to clamp the Dyneema panels at the 4 corners was modeled to explore the effect of boundary conditions. Figure 10b shows the FE model (onequarter model was used with symmetry boundary conditions; the meshes of panel and projectile were not shown). The actual dimensions of the steel frame from the experiments were used. A rigid material was assumed and the short side of the frame was not modeled, which was not in contact with the panels, as shown in Fig. 10a . Contacts were defined between the panel back face and the frame. The panel was still fixed at the corners to represent the clamps. The frame thus behaves like a rigid wall to prevent the panel from deflecting (the panel can still slide on the frame). The effect of the frame turns out to be very small, as shown in Fig. 11 . The frame only has effect for later response after the peak BFD. This validates our approach of using a free-boundary condition in place of the frame in the model. Figure 12 shows the time history of BFD for different fused layers. The increasing slope is almost identical except when the number of layers is 5. The rebounding phase is similar when the number of layers is 20 and above. Figure 13 shows the penetration profiles at 0.2 ms for all these cases. The results are similar when 15 and more layers were used in the model. At least 15 layers are necessary to capture the delamination. Table 3 compares the peak BFD, percentage of intact composite thickness, and CPU hours for the cases of different numbers of layers. Twenty fused layers (the mesh aspect ratio is 1.5) were selected because of affordable CPU time. The numerical model used for the parametric study was finalized: a quarter symmetry model excluding the frame with 20 fused layers and 2 elements per layer along the thickness direction.
As discussed previously, not all parameters for Dyneema HB80 are available. The parameters that needed to be calibrated through the parametric study were 1) interlaminar tensile strength Sn, 2) in-plane shear modulus Gab, 3) transverse shear modulus Gac, 4) transverse Young's modulus Ec, 5) crush strength Sc, and 6) damage softening parameter Am.
A parametric study was conducted to determine the sensitivity of these parameters. The most sensitive parameters need to be studied more carefully or obtained 
Parametric Study
The fiber Young's modulus and strength ( , ) are based on previous analyses from test data in Russell et al. 9 The available parameters for the base calculation are as follows: Density = 990 Kg/m 3 , = = 52.8 GPa, = = 1.5 GPa, = = = 0, and failure strain = 3%.
The base parameters for the 6 unknown parameters were normalized to be 1. In the parametric study, the material parameters are all normalized.
V50 Experiments
A parametric study was conducted for the 6 unknown parameters. The V50 test of HB80 cross-ply (7.8 kg/m 2 areal density) was used for this parametric study. The projectile impact speed used in the calculation equaled the V50, which has normalized value of 1. Figure 14 shows the sample penetration processes for both perforation (the projectile perforated the panel) and nonperforation cases (the projectile was stopped by the panel). Initially, the composite in front of the projectile failed. Delamination failures occur in this stage. A great amount of projectile kinetic energy is transferred to the composite. Around 50 µs, the fibers start to have many stretches in the panel back layers. If the projectile still has enough energy to penetrate the panel, the composites fail because of fiber breakages (at 100 µs, the panel already has a through hole); otherwise the projectile will either be arrested in the panel or rebound. Figure 15 shows the time history of the projectile kinetic energy for different values of crush strength and the damage softening parameter; other parameters were also evaluated in the study but are not shown in the figure. The following observations can be made:
• The energy drop rate is only dependent on the crush strength Sc and the damage softening parameter Am.
• The energy drop can be divided into 2 stages. The first stage is when the materials in front of the projectile deform and fail, which can absorb a lot of the energy. Fast energy drop occurs for this stage. The second stage is the further fiber stretches in the back layers, which can absorb additional energy. The second stage is mainly for the case when the projectile is stopped by the panel. The 2 stages have already been discussed in Fig. 14. The energy absorption in the second stage cannot be neglected and can be 10%-20% of the total energy absorbed. The percentage of projectile kinetic energy absorbed in the panel is plotted in Fig. 16 for different material parameters. The following conclusions can be drawn:
• The tensile strength of the tied contact Sn has minor effects on the total kinetic energy absorbed.
• As the in-plane shear modulus Gab increases, the projectile remaining energy increases.
• The percentage of absorbed kinetic energy decreases as the transverse shear modulus Gac increases; however, it levels off for large shear modulus values.
• As the transverse Young's modulus Ec increases, the composite becomes stronger and can absorb more kinetic energy. However as Ec further increases, the composite becomes more likely to fail because of crush failure (the transverse compressive stress is proportional to the transverse Young's modulus Ec), resulting in absorption of less kinetic energy.
• Less material would fail because of crush failure and the composite would absorb more kinetic energy when the crush strength Sc increases. When the crush strength reaches a critical value, the material would not fail because of crush failure and the composite cannot absorb additional energy.
• As the damage softening parameter, Am, increases, the material behaves in a more brittle fashion and can absorb less kinetic energy.
Fig. 16 Percentage of kinetic energy absorbed for different material parameters
From the previous analysis, the slowdown of the projectile includes 2 stages. The first stage is due to the fiber breakage and crush failure in the composite. The second stage is due to the fiber stretching in the rear undamaged layers. The energy lost during the second stage cannot be neglected.
The energy drop rate only depends on the crush strength and damage softening. If the time history of the projectile energy can be measured in the ballistic tests, these 2 parameters can be further characterized.
The ballistic performance of the composite panels depends mainly on the transverse Young's modulus Ec, the crush strength Sc, and the damage softening parameter Am. However only Am and Sc can be easily adjusted so that the projectile can be stopped by the panels (100% kinetic energy is absorbed).
BFD Experiments
Similar parametric studies were conducted for the BFD experiments. The experiments on panel 458A-1 and panel 545A were used for this parametric study. The material properties for the base case were kept the same as the V50 parametric study. Figure 17 shows the penetration processes. After impact, the material in front of the projectile fails and produces a hole in the panel. Some delamination occurs near the projectile. After about 50 µs, the composites do not fail but stretch with delamination propagations. After around 200 µs, the panel back center and projectile start to rebound. Figure 19 shows the time history of the center BFD for different material parameters. The time history of the center BFD can be divided into 2 stages as previous (of course, there is a third rebounding stage, but this is not our focus in this report). The center BFD increase rate in the first stage appears not to depend on the material parameters. However, the BFD increase in the second stage is largely dependent on the material parameters, when the composite in front of the projectile does not fail and continues stretching until the kinetic energy is dropped to zero before rebounding. Figure 20 shows the peak center BFD and intact composite thickness normalized by test data for different material parameters.
• As the tensile strength increases, the peak center BFD drops but the intact material thickness does not change much (one fused layer failure results in 0.13 decrease in the curve). For the parameters used, the peak BFD is underpredicted for test 458A-1, while overpredicted for 545A for a wide range of tensile strengths. This is due to either incorrect values of other 5 material parameters or different failure mechanisms involved in the high-speed BFD and medium-speed BFD tests, which are not captured by current model.
• Both the peak center BFD and intact composite thickness drops with the inplane shear modulus Gab.
• There is a minor effect of transverse shear modulus Gac.
• As the transverse Young's modulus Ec increases, the composite becomes stronger; therefore, less material fails and deflection is reduced. However, this trend changes as Ec rises above a critical value when crush failure is easier to occur for the material, which would make the final intact composite thinner and lead to a higher BFD.
• The effect of the crush strength Sc is similar to the effect of the transverse Young's modulus. The difference is that as the crush strength becomes very high, no material will fail under crush, and the BFD and intact composite thicknesses do not change.
• As the damage softening parameter Am increases, the material becomes more brittle, more composite fails, and the peak BFD increases.
• Overall, the panel responses at high impacting speed are more sensitive to the material parameters than at medium impacting speed. Another test data used for model characterization is the deformation zone size at 100 µs, which is shown in Fig. 21 . The most sensitive parameter is the in-plane shear modulus Gab, and then the crush strength Sc and transverse Young's modulus Ec. The V50 and BFD are 2 most important ballistic characteristics for the helmet performances with higher V50 and lower BFD being desirable for better protection.
The parametric study showed the sensitivity of critical material parameters on these ballistic characteristics as follows:
• Higher interlaminar tensile strength Sn has a minor effect on V50 but decreases BFD.
• Higher in-plane shear modulus Gab lowers both V50 and BFD.
• Higher transverse shear modulus, Gac lowers V50 but has a minor effect on BFD.
• Higher transverse Young's modulus Ec increases V50 but the effect is not monotonic for BFD.
• Higher crush strength Sc results in higher V50 and lower BFD.
• Higher damage softening parameter Am results in lower V50 but higher BFD.
For improved ballistic protection, helmet material needs to have higher interlaminar tensile strength Sn, transverse Young's modulus Ec, and crush strength Sc but smaller transverse shear modulus Gac and damage softening parameters Am. For a given fiber and matrix combination, some of these material parameters (the average material parameters to be more precise) can be changed, for example, by changing the architecture. Hybrid panels 4 possess higher average in-plane shear modulus Gab by using a rotated laminate architecture. Based on the parametric study, hybrid panels are expected to exhibit lower V50 and lower BFD as observed in experiment. 
Characterized Material Parameters
The parametric study was used to find one set of material parameters that can best match the test data. The effect of the transverse Young's modulus Ec is not monotonic. Ec was determined after the other 5 parameters are finalized. The steps we used to determine the material parameters are as follows:
Step 1: The tensile strength Sn has minor effects on the V50, thickness of intact material, and deformation zone size but mainly affects the peak BFD. No value of Sn can be found to match the peak BFD with test data for both panel 548A-1 and 545A from Fig. 20 . However, the test data for panel 458A-1 shows that the time between the peak BFD and minimum BFD is about 0.7 ms (see Section 5.2). Figure 19 shows that the tensile strength Sn is the key parameter to control this time and when Sn has a value of 0.4 it gives the closest time to 0.7 ms.
Step 2: To match the V50 data (100% projectile kinetic energy is absorbed) in Fig. 16 , the parameter, Am can vary from 0.05 to 0.2 and we pick Am = 0.1.
Step 3: After determining the values of Sn and Am, a few cases were run by varying Sc and Gab to find the best material parameters to match the test data. The details will not be given here. The parameters obtained were Gab = 1, Sc = 0.7.
Step 4: Gac can be adjusted to match V50 (Gac has minor effect on the BFD and deformation zone size). However, the Gac value used in the base case is actually good for V50 data (within 10% for all the 3 thicknesses panel tests, the results will be given in the next section).
The Ec value in the base case is not changed since the numerical results using the value show good comparisons with the test data. The next section will show the comparisons with this set of material parameters. Of course, other sets of parameters might be obtained to get better agreements with the test data but we have not tried any others. It is not surprising that the base values of Gab, Gac, and Ec do not need to change to match the test data since these parameters were carefully chosen based on our knowledge and information in the literature.
Comparison with Test Data
The set of parameters obtained from the parametric study discussed in Section 4 was used in the model to compare with the test data, including V50 tests of 2 other thicknesses and another BFD test (panel 458A-2). These 3 tests were not used in the material model characterization; therefore, this can be regarded as model validations. The numerical results for the tests used in the model characterization were also given here for completion.
V50 Experiments
Numerically, the ballistic limit V50 is bracketed by the velocity at which the projectile perforates the panel and the velocity at which the projectile is stopped.
To evaluate the V50, calculations are carried out at different impact velocities. Figure 22 shows the time history of the projectile kinetic energy at different impacting velocities for 3 thicknesses of panels. All of the velocities are normalized by V0, the V50 for panel of 7.8 kg/m 2 areal density. The energy is normalized by the energy corresponding to V0. If the projectile residual energy is very small (e.g., 0.01% of initial energy), the projectile is assumed to be stopped by the panel. If the residual energy asymptotes to a large value, the projectile is assumed to perforate the panel. For example, for the Dyneema HB80 panel with 7.8 kg/m 2 areal density, the FSP perforates the panel when the impact velocity is higher than 1.028 V0, while it is stopped by the panel when the impact velocity is less than 1.021 V0. The V50 is thus bracketed between 1.021 V0 and 1.028 V0. More cases need to be run to decrease the range of this bracket. The calculated V50 will be the average of the highest velocity at which the projectile stopped and the lowest velocity at which the projectile perforated the panels, which is similar to the test method. The calculated V50 results are listed in Table 4 for the 3 thicknesses of panels along with the test data. The calculated V50 is within a 10% difference compared with the test data. The difference between the calculated V50 and test data increases as the panel thickness increases. Figure 23 shows the time history of the center BFD with previously listed parameters for the 3 BFD tests 458A-1, 458A-2, and 545A. Overall, the agreements are good. The slope of the BFD time history matches in the first stage (composite failure stage) but is slightly larger in the second stage (fiber stretch stage) given by the model. The time corresponding to the peak BFD was underpredicted in the model. The late time response does not agree well with the test data, especially for test 545A. This can possibly be improved with a better composite model accounting for strain rates effect. Figure 24 shows the damages in the panels from posttest CT scan of the UHMWPE panels and the simulation results. Only a part of the panel containing the center hit location was scanned for the 4 corners clamped test to obtain higher scan resolution. For panel 545A, full-panel scans were obtained as the resolution was found to be sufficient for full-panel scan. In both experimental and simulation results, it can be seen that a hole, similar in size to the projectile, forms around the projectile through shearing of fibers. Many layers delaminated in the panel, with a major delamination occurring at the location where the bullet is arrested. For test 545A, the sphere rebounded. The simulation results are for the shapes corresponding to peak BFD, but the CT scan shows the final deformation. After peak BFD, the panels rebound and oscillate before equilibrium. In the model, no damping was added; as a result, the panels would not stop oscillating to attain the final shape. Therefore, it is not surprising that the peak BFD in the simulation results is larger than the final BFD in the experiments. However, the remaining thickness, extent, and nature of delamination from the simulation were close to the experimental results. The deformation zone sizes are compared with the test data in Fig. 25 at 50, 100, and 200 µs (for test 545A, the DIC data was recorded every 20 µs and the results at 60, 100, and 200 µs were compared). The predicted deformation zone sizes agree well with the test data. Figure 26 shows the BFD contour for both LS-DYNA results and DIC data. For LS-DYNA, the one-quarter model results were mirrored along 2 symmetry planes to get the full model results (the vertical and horizontal lines are the 2 symmetry planes, and the black circle is the impact zone edge). For panel 545A, the DIC data are available only for half of the panel. It can be seen that the contour shapes (the center is circular but the edge is diamond) and sizes agree well, except for the smaller gradient near the center (or larger red zone) given by the model. The current model with this set of material parameters gives reasonable agreements with the test data. However, the material parameters characterized by current study are not unique. In the future, more tests need to be conducted at different impact conditions and analyzed.
BFD Experiments
Conclusion
We developed a numerical model for ballistic impact response of UHMWPE composite panels based on experimental data reported earlier. Parametric studies were conducted to identify critical parameters and experimental data were used to calibrate the material model for UHMWPE. A set of material parameters was identified from the parametric analysis of ballistic experiments on UHMWPE flat plates. The simulation results with this set of parameters reasonably match the data from the experiments on ballistic limit velocity V50, BFD profile, and the damage sustained by the panels, including the remaining thickness of the partially perforated composite. The last 2 measures are critical in evaluating behind helmet blunt trauma, which results when the deformed helmet contacts the head. Of course, the set of parameters is not expected to be unique but is expected to represent the composite behavior well within the calibrated ballistic parameter range. Further material tests can assist in establishing the estimated parameters and in improving the computational model. The process parameters, such as pressure and temperature, are expected to affect these material parameters. Since such data are not yet available, no conclusions can be drawn on processing condition sensitivity.
The parameter study shows the dependence and sensitivity of critical parameters, and provides guidance for improved ballistic protection. Generally, the material needs to have higher interlaminar tensile strength Sn, higher transverse Young's modulus Ec, and higher crush strength Sc, whereas smaller transverse shear modulus Gac and lower damage softening parameters Am are found to be beneficial. Larger in-plane shear modulus can lower both V50 and BFD, that is, the ballistic performance can be changed with the same material but different fiber orientations since various fiber orientations can enhance the in-plane shear modulus compared to [0/90] fiber orientation in agreement with experimental observations. 
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